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In 1930 a closed jet cavita.tion tunnel for testing model
propellers wa,)s const,2,uctcd at the Ha')mburgisohu bchiffbalu Ver-
suchsanstalt. T11 st:ubsuqtznt yru-s altcrations were accomplished

to avoid cavitation in thei( clbow dIownstream froim the, tcst sec--
tion, to eliminatu ti,,. thru.st coiarection due. to thu pressure

diifferences inside -nd outside the tunnel, J.to minimizo
the friction:.J. torq~ue measurod by the dynzunonmeter. In recent
years, Dr. Lerbs conducted basic research tcsts to djtorni~no
which variables havce an important influerc.c; on inodej. propeller
cavitation tcests. It w~as concluded th-2t th(; 7model ýLeynolds
number sho~uld be Er,.;ater than 0.8 x 105 and the, Froudo number
shoulid lie bctwocen cortain minimum ;ind maximum limits deter-
mined from the 146Vj. boasic tests. Preliminary tý.sts of
a single propelle-r indicated no effoct on performnaricu vwhýn
when varying th~j air content of' tho, tunnelI water.

nuw 1largc cavitAtion tunncl with test section 47. 2 4

inch,:s high by 94. 19 i nchcs ,,ido, -.nd with 16 knots viator

* 1He~burgischzý ochiffbau VWrsuchsanstalt. DI
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Su,,au. Cent 'd,,

speed ms constructud at between 1940 and 1943.
Complete ship models or torpedo stern sections can be moun-
ted in the tunnel for conducting cavitation tests with the
propellers operating in the wake stream. Bombing damage preo-
vented service operation of the tunnel.

The original Gottingen general re~seqrch cavitation tunnel
built in 1927 was reconstructed as a "free-jet" tunnel in 1942.

Re[search problems such as the determination of constant pros-
suru surfaces for aircraft, the development of underwater rock-
eta, and the study of the air-water entry problem were investi-
gated by means of cavitation tests at cavitation numbers as low
as 0.01. The effects of dissolved air in the tunnel water were
considered by measuring the cavitation bubble pressure by a
simple method and substituting the bubble pressUre for the
vapor pressure in the determination of the cavitation number.

j't. Heidenhoip a. small cavitation twunel was constructed
7.bout 1937 for th,_ purpose of testing Voit-Schnoider propel-
lurs. For high steering ,,ngljs vhiure the cavitation test re-
suits wJere inaccurate, the infiuence of cavitation on perfonn-
aince was calculated by a ii,.thod of ýEtz.

H.S.V,... designed thu closed-jet cavitation tunnels for
Russia (1932), Japan (1936), Holland (2939), ind the Karlstads
firm in bweden (1942). Late dusiens favored sharper corners
wits short multiple guide va.nes at -ll corners axccpt tho el-
bow dovrnstreamn fron the test section; This Ulbow is construe-
t.d with a large radius to avoid cavitation.

, new cavit!.tion tunnel for tcstint>,I•drofoils in cas-
ca.d fcr the puiro:; ol obtaining b-,sic proocller aCsign

El ea:tar• w:s propoocd for conotruction at h.65.V.Al. in J'ite 1941.

Lack of ;n tmri:ls nd war difficultiu.s prevonted the con-
struction.

-2-



RESTPIC TED.

Summary, Cont'd.

It is recommended that further basic tests be con-
ducted for determining the effects of air content of
tunnel water and of sea water on propeller performance
under cavitation conditions. The bubble pressure-.Leasur-
ing method used at C6ttingen is well suited for such an
inve stigation.
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SRESTRICTED.

Introduction, Cont'd.

Inasmuch as the stagnc.tion pressure qo varies as
tte square of the velocity, and the vapor pressure p
i ordinarily small and of thq iaam o:ader of ma-nitude
for both full scale End model, the absolute static pres-
sure p for identical.- values normally must be consider-
ably 18wer fca' the. model test than for the full scale.
Therefore, in order to study the effects of cavitation
on the energy relationships or acoustical properties of -0
bodies moving relative to fluids, variable pressure water
tunnels have been designed and constructed in various
countries of the world during the past tvventy years.

When air or other gases arE dissolved in a fluid,
which i3 tiu usual cbse, the cavitation bubble pressure
may be higher than the vapor pressuLIe for the given tern-
perr-ture. Thu uestion arises as to c hctner the cavi-
tatichn number sho,;ld be redefined as,

b- Po - P b
qO0

where Pb = the pucPsuare in the ctvitation bubble,

'' = cavitation nwrrLbr bossed on bubole prowsjure.

The, purpose of tiAs rpoIrt is to dcscribe certain
foreign c&vitation tunnel installations including de-
sipgn featture-s, d.veloprrsints of instvLu_'nntation, and
the results of some basic tests concurning the effects
of dissolved air or gases and the determination of the
fundarental phy3ical variables which k-vo the greatest
influence on mouel prcp-llcr test result,.

Institutions, visited Einr-J personnel contaccd in
obtainin& thu irnforir.tion 'or this report re:

1. Hamburiisuh. ,chIf2uL- z VuI rsuch.3anstAlt, Hamburg.

Di'. i1w. h. Lei'bs
Ing. _chultze
In."V. Hop p

-7-.



RE1377jCTED.

Cavitation Tunnel I of Heunbuxgische Schifffbau
Versuchsanstalt, Cant'd.

split into two separate channels. This alteration
was successful in avoiding cavItation in the elbow
at all speeds Lad further allowed the propeller shaft
to be shortoned, thereby raising the critical 7?I Y of
the dynam~ometer instcallation above the~ operating range.

Originally the, model propeller dynamometer was
belt-driven by Fa iaotor from be1ai, as shown in rig. 2.e
The thrust W&3 ineasured by balancing b bcani scale, to
Which thz, th~rust from thim drive sthaft was trnansmittod
by a thrust buaring, endi kni~fX ede,,s. Thim torque was
determined by iauasuring the. twist of' a calibrated shaft
by mans of an optical oscilloscope. Tn an attempt to
makce the frictional torque of thu driving arrangemrent
small and. con,3tent , thc- stuf fine, tglnd was d..rivtjn by
an auxiliavy shaft frar~i the main dynamomc~ter driving
motor at a stpeed 5 !L- rcorit loss than the. propeller
shaft speed. Th(.vt.;lativu spuud of 5 percent of the
absolute pe3ripherval speced was n,.cessary in order to
retain sufficienit ~3un,13tivity of tim thrujt me~asure-
ment. However, bocý'ucaLý3 of variations of the pressure
of thu viscous fruu6se u,3Ld for swalinig thu joints,
the fricticnL1 tor( uo could not bue held constant over
a puriod of time,, tila 1frea,0uIt LgIi d repiir,3 we;ra nle-
cessary.

I 0

.Aftur seve.2ul unsuccussful tc;sts Lisint; vwutcr
soaling., ef thte Aiuffinf- ýýlcnds, thL. mA,,tLod shav~ii ill
F'ig. 3 ýva3 d(ývisud. A hoiloýN 3heft is driven b.%, thu
dynai..omeQter. Thu friction at thc foiv,,,,ar bc:az'ing (und
thu pccking 0<L2.ndf cctls on.1y on tfh. hollow shapft which
extond3 to thim 'O~i.-vaJid burn.2~piopuillir sht-ft0

a is suuýportud "Ln~idu tije hollovv shaft by a ball bearing
at thc, f or~iard ufld and u grounct-in beý.ririg at tbc
after cnd, ancl is ccennectuýd to the hollcow saieft by
moans of a calibruted torision rod TIm rud
bearing serves -,s aLe~ to prevenýt vw&ýtor from enter-
ing botwcen tim,, two sht.fts. TheL propoller torque

-9-
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RESTRICT'ED.

CavitationTunnel I of liamrourcische _Jchiffbau
Versuchsanstl o~n~t' I d

in which the pressure can be r1eguLlated by a small vac-
uum, pump and a throttle vailve, as shiown schematically
iii Fig. 6. The throttle valve is Coi-trolled by a
motor in connection withi a mercury rinf_ balance. One
leg of thle mercury rir.C bahl,..nce in connected to the
test section of the tunnel and the other is connected
to the cor.upen.3ating chamber. 'ith a difference in
pressure in the tvio legs, the balt.nce rotates about0
a knife. edge. and t'. relEjy acts to cut on or off the
circuit of the. motor. ,,,hich operates the throttle valve.
Thu.; the throttle v- lve is reu..tdso thut the mer-
cury ring is b- lf~nc(.d, and there is equaility ofL piressul'e
in thr- test section Einc th-L. cci~iperisat-ng chLQýber. ,i t h
equal shaft dli~iueters inL the, turine i and tne. c oiiLpnsating

0chiamber, no thrust urror due, to pross,.:'e, diffurances
exists.

In prac~ticu, the, ratlher.i coi-plicr!ted r.uercury ring
balanice contrcl devicu 2ro*' u~c~rtly failed and maintenance
de"la:-ys cjrvorbEl nodt.1, vnlue of the automratI.c control.0
In the las-t de"ys of op~ inot tije tunnlel the autoni-
altic control ".'-s reoe x:a sipl1ie rmeircry .'anoimeter,
connected betvietn thie test scetion and theu cofmpe~n:3aý-:tinr,
chamiber, was asid as an indiLcator for maLEnu.ally cmaintain-
ing equality of thce pressure_.

For rdursuritnK- thc piropeller revolutioris, rily
a mcchanicie:l tachometer with a mechanical stop watch was
empl oy ed . In 1943 an elcrcltachometier w~ith ~synch-
ronouS r1iotor control, Luianulacturud by irion and Velr
3cliwonninaeuc, was su~bstitu tc-d for the mcai . tacho-
meter.

Thc water;. speejd ý_n the t,ýA3t suctionl iLS '~e~ by
Laean3 of a pitot tulbe in the lL, of LtxU mo10o3 Propeller.
Tnlu p-itot tube wtas c0e1 brutAd in the touii.n-J baum,-L anid
corrcctions -,urt ad forý loc:al. non -uni iormi~ity of flow,
relution, of tube crom,,-suction to £lsui suction, wall
e4 'fuct, anaL th. prssr radi-ý,nt inl thetnul()
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RE J M IC TFD.

Cavitation Tunnel I of Eiarnb-urgiche. Schiffbau
Ver s 'ch.san sta ff7~Tiit '

The static press,3ure at th& -3untur of' th(e propollcr
MOdel iS DlaUbtred by a vmercury nanoDmater as the differ-
ertee in pressures betweon thc atiaosphore, and an aperture
in theý tunnk.l. wall at tic, height of tho shaft ce.-ntur. To
regulatu b prL3ussur, the vac~uum pump is run slowly and
a thl-rottloe vulva in the coxnnectI~ing- pipe. line is ragulated
for rOUC-h control. Fine control of th(e PI'E3' 13r is ccoM-
plished by a pinch-cock. which actajits attuosphoric air ii~to
thc woater line throuC.h a rubber tuba. The, vacuum pump is
reversiblo for uLSQ as a compresiocr in order to produce
pr(. sueos sli ihti y abovE; atio sphuri c.

Thu orip'i±al tunnel dasjgn contemplated thc us_- of
a 3sallur .s( 4 ua42-J n aW-Ith roundod c orncrs, for use, iii
teýstixag thin hydrofoils with a ti.ireu,-cnIJPonunt dynamom-
E~tcr * J13arnc~etwas abandoned aftor a few tosts
sixicc thk3 dynamoiiatar was not 3atisfaotory and the re-
sults did not oCUIJpalx well with wind tunnEl11 data. Dr.
Lcrbs z.-tzii:'a tii:,t 11n testine, thin hydrofoils, thu lentgth
MU f3t bue 1.,,pt s3hort, to provclit dcefarmlation &nd resultant
inaca uruc .Icý: ý;2. tiio :y5aKu1t

On the, loweor lag of thaý tUnnel is a heatiIG, jacket
capable of ruisin6.g thue tem!.peraturc of' the .tu~nnul WLater
for removing aiir bubblus and. for controlling tiie A,'ýynolds
rjwuqbur for baisic r_-suarch tosts. Thtl h6Rtitlj wi.teur in th,.

19 ~jacike.t is sujfpli,.d by a separate boiler. Ori~y on about
fivo occasionis hud tetsts bcun conducted ait cKi(.vutud t(;m-
pereturu~s up to'aboat 1200 ?ahrunhuit. At these tarn-
peratura~s, di~fficLultiuS ware entcouite.rE~d with tiiu grease
sealing melthods. 1tite scaling greaose- htid a tutiduncy to
irix with' thim wuteýr Faid contamriinateý it. Dr. Lurbs ulti-
matoly jinturidtc to change' thi seailing- iathods ind sub-
3titeite Buna ruibb. r sl for thu (3retlSt seals.3

"Ilhcn tll twentul wasl~ origi.:n&lly ooristruc;tt-d, thu
inside surf,,-cesvo u pLainted 1,iith red lund. Contair.- 0
ination of thu; water rsuietud 3fia an 'acidtioanal coat
of ordinary ,,rcy ship1 pza'iit w8Ls added. This painit
ptealod and proved. ansatisfiactory and finully tho inteýrior
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Cavitation Tunno 1 I ofrinbri~co oiiff oL
Vu~rsuclisunstalt, Cont 'd.

T Clf'n 2 d 4
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RE 3)TPICTJ2,D.

Cavitation Tunnýý- 1 of ,~iibriachu "_chif'fba~
Vorsucf.ý3nstalt 7oi-tctd.

Fig. 8
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Cavitaition Tunnul I of lluiburgi sch ti Jchiffrbau
Vc~rsuchsenstajtGrit'd.

'f MqJN 95

Thu rup,.iz:cd ur~vinj ficotr , ci~~~ by firo in AU(*-
LUst 1943, P1: not yut 1'ueiii:t:Kc(ud.
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RESTR IC TED..

Cavitation Tunnel I of Hamburgische 3chiffbau

Versuchsanstalt, Cont'd.

where v- speed of advance.

(b) Consideration of gravity forces loads to
the requirement of ecuality of the Froude number,

r a

/"

where g acceleration of gravity*.

(c) Viscosity effects 'require equality of the
Reynolds number,

where.)/' : - kinematic viscosity

"= viscosity

(d) The parameiter for the formation of cavities
in fluids can be defincd as,

PO -P

qop

po0 = absolute static pressure

p the critical'pressure for cavity formation

qo =stagnation pressure

For gas-free fluids, the vapor pressure pV is
the criticalpressure, or

= . the cavitation number.
qo

The cavitation parameter -'r'- and the Froude number
F are related, in th,.t for enual local cavitation
numbers at all correspond-Lrn blade eluiments of the

-23-
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Cavitation Tunnel I'of HHamburgische 5chiffbau Versuchsanstalt, Con't.

To summarize these basic requirements,
T= !.2d C F, R - P T.F.,)

•fd T. F.)

It is impossible to meet the requirements of all of

"the above basic laws in model testing. For example,

F" onstant, Va : \" . -

./ IP''A

R :constant, am a s 2as1

w Z constant, Va V , -i ....

T.F. constant, Va =- V as /,m

where' Vas ful.l scale speed of advance

am - model speed of advance

nm = ratio of full scale to model

The Froude and time laws require a lower speed of advance
for the model than the full scale while the Reynolds .and. Weber
laws require a much greater speed of advance for the model than
for full scale, Lerbs ran a series of basic tests-in order to
determine which variables have the greater influence on the

thrust and torquie coefficients.

2. Air Content Studies.

In 1937 and 1938 Numachi and ihuroka7va in Tokyo reported
on tests carried out with small glass nozzles to determine the

dependence of the pressure at which gases precipitate from water

-25-
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RESTRICTED.

Cavitation Tunnel I of Hamburgischc Lchiffbau
Versuchsanstalt, Cont 'd.

From stroboscopic inspection, Vuskovic noted that air
precipitation and vapor cavitation differed appreciably in
appearance in that air precipitation appeared as a dim micro-
scopic foam on th: surface and vapor cavities appeareA as
largq clear bubbles in the foam. From visual observation

of these phenomena, plots of the cavitation numbers associated
with the begimning of r precipitation amd vapor cavitation.

are also shown in Fig. 12. The ii-ception of air precipitation
occurred a:t higher cavitation numbers -with increasi.ng air con-.
tent3, but inception of vapor cavitation was independent of

air content at the lower rotor sp,*dý, and was only slightly
dependent at high rotor speeds.

iJhile the work of Vuskovic indicated thAt performance
of turbines with varying degrees of cavitation was indepen-
dent of air content, the values of air content of water used
in his tests w.re not n.arly low enough to cover the raunge
which is normally _ncountered in closed circuit cwvitation
tunnels. Thurdefore Lurbs constructed thk apparatus shown
in Big. 12 for m.asuri.n the prucipitation pressure of the
tunnel water. 110 dcsired to deten'iine the dependence of the.
propeller forces on the precipitation number, *;-, vith a
constant cavitatioh number, . , where the precipitation number,

_ Po - Pa
.;a - o and pa - air precipitation pressure. While Paqo.

is dependent on the absolute air content as as;ll s the tem-
perature, the difficit determinAtion of A.r content was not
necessary for these tests since pa was to be calculated directly.

The measuring appare.tus, Fig. 13, consisted of a glass
nozzle, a submersed centrifugal pump, and -a throttle va-ive'
connected in parallel with the tunnul test section. By those
moans the speed of flow and pressure in thG nozzle could be
set independently of the conditions in the tunnel. The cen-
trifugal pump, locat.d at a low levwL, iwac submunrsed in water

3 Vuskovic calculated the absolute air content froat the con-
ventional ,iiriklr chemicCal. tLst for oa-ygen contoent.

-30--



* S

0 

0

I-4

LuL 0OI S S
0

(:?

0

*O S

I • • • • • •I • •i 0



- .- - - Y'�rnr¶ -r- -- -'

IT

I

LU

a.
0 LU

I.. a.
Q

I- C' I S
I..

w
-I Q

LU

I- -- I 5

C

U -.-.-- * 0

I".
x

Cg�

M4
C' '�. K* a6
C I- S3
-� C'
LU

2

* 0

o 0
U
LU

3 3o 0
-J

Li�

S

S

2

- w w 5'
S S S S S S



RESTRICTE.D.

Cavit-ztion Tuninul I o2fýiab~tburgis:Ji ý.chiffb,,au
Vursuchsano~talt,, Cont'd

Thoý prucipitation prcssurc couldi bu dcutri-inuc an-ovox-
imnatoly b 'y acijusting T-ho speed throug,-.h theý novzl(. o S h( t
clouding in the ncrv'7 e ws o'bourvc- to beýgin or cc se. It
was 9KLso decteýrmined t~h.'. the clouding du(; to air prucioi-
t'atiori w~s :isoci-~.tc.4d -;j~it a sharp rustling nois ,-:. T
forc, a sound pickup was mounted on th(. nozzleý -.nd im-s uscd
-is a m~ore accurat(.. indicatc,:, Tho prccipitation pressur-(
was detrminen(d for the point 'it which thuý crckling sounid
ce; tsed. Thu acoustical 2and visu:2. meýthods did not give
exarctly th.- samci reýsult6, A'or the, noise oursisted sligltly
afteýr clouding disappc:are~d iqhen dlcreasing tilu vCel1ocity

of flow through thu gJ..aS. nozzle.

Thku scope; of herbs air coiit2i_,t studi~s imdcci. ;d te-stiri
thu riodcel of onlyr on- propuller du.5ign of' tn.. L'ch.-,Sf r-an i
surius with" 3 bladus, cir:culaýr b,.ck. sc ,ctions, p-iLeh rAtio 1.2,9
,and eýxpa.nded area ;tio 0.56. IL p cipit 1.tion '2e:Ssun%
and tfle prccipit'\tloAn nuomber ýcxý hero van e, vshilc holding
thcu speed ra,,tio ),nd tlh, caývitation numaIber consta.nt, alnd thrurt

U ~and torqu-e ( v~ru hi .mrd ie ;s 15 and 16, rc-pr(es~anting S;
tests ait ".=1.10 aýnd 0.70 r.lsv.ctivcely., shmi no systc iatic
va-rilation of th, tiru-&- Lanu ternulo, cot-.fi-*cie(nts for constoant
sp~ed_ ratios vseenr va-ryJ.ng th., pi .cij.-,ita-tion T,)- eSFur. lic.

17 indic-Ates t!.,- dcrimndcricco of th_ sr~c.ed cc..ft'i~ci~-nt on theý
or~."ciptc-tion nressure. for triu bý_.Finn of ripit -<Liofl
at time blade luz dinE. edge with co.n~st:nt cevift-Aton nun,,burs.
Th,,. results sho;'ý so~neý sc-Attering, but no syst-iJi -tic (1(Dofld-
emice of th,1. qropelleý,r forc<,s on mji conte-nt aenaet

yen aIt tile lower .ai'contant v". lucs in vjhich t rcii to
porssurc pxah. h vi..r.,oi, pru ssurc.

L4TI ~ ~ ~ ~ ~ ~ ~ ~ v ----ztictei il;xc-~ u ~s assuciý-)tued 'eith

,I shrox rise ii ueS le ~ i~jtd:J U by ieb n thu du-
sig-n of noisu-frc. rlte,, nisai trd S

Th- mininieu! r;eu C, on thi 6- ct ,ýn S!ine of tY.bh, s a
* ~~~~~~de1signed. t(u b~.,rLitmt :n .'i inx~;r

for s~a ;vAtr dtriie ';;. 'c mL(ry
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RE~STRICTED.

Cavi ation Tunnel I of iHinburpischu ýjchiffbau
Versuchsanstalt, Coznt d.

No accurýate method of measuring the-. absolute air content
has been dcevelopcd in Germany.0

3. Influonce of thG- Time Factor, '.-ebcr, RieynoJ4s an
Froudc; Numbers.

By using two different. sized geometrically s ilrmodcls
and varying the water tumperature~s, L,ýrbs concductod tests at
constant heyno-lds anid Froude numýibers to determine the combined

effect of thteý time factor, n.F. nd the; m~ umber, ';.The
basic data from the- curvus of Fig. 1.9 we(re used for ce,,ý:putint,
the variables,, as follows:

v t d F 10 6  :0 5V T.F.S

M/secC pi m/scc

5.00 37.3 0.2 3,70.692 3-5 145x106  7. 04 :7-1x104 ý0.040

6.125 11.0 0.3 3.57 1. 270 1.45x106  7.40 l 5. 2104 , 0. 049

Measureýments at ca;,vitt-iori nwnbcers tT 1.1 and 0.7 we-rQ
carried out oveýr a ftrg, r:.ngýo of tK.- sp,,.ed coofficient.
The, results, Fig. 20, indicck.t; no influence of the: two var-
i~ables a~ithin the L-cc-uracy Of' Ut.h ;:i1e.surem~nts. Sincu thcos
two varicabic:s tend to produce oopoosite offects, it is possible
th ~t tUn influc-nces ca,,ncel c<ých othecr.

In ordue' to dcturrmine the influ,.nce of thek- Reynoldis nun'-
b ur., Lcrbs tusted tnt, e'.mo pro ' )(Icr of 0.2 !,1 .tx dianu'tcr~
with the pe, cev.it.-tion numabk;r and 1-roudcle imu'ibr constant.,
Lnd with v.arying wz-tur te,ý:per turuq. Th-- conditions for the
tV~t weI'0c

Va t F 101- F.
M/3Fc m r' /suc
5.50 11.2 3.93 1.265 0).87 .z0 1
5.50 31.6 3.-93 0.778 11.42 l 106
5.50 51.2 3.93 0.536 2.05 X106

-40--
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REbTlhITCT2D.

Cavitation Tunneil I of Hajnburgische 6chiffbau
Vosuchsansat L ýort 'd.

The; loco]. cavitation number of a bla-de clement at dif-
fc~eret angles of rot-tion dporids on the Froudo number, and
can be cxpre.ssfed as.,

I ~/A 2 F2

local cavit,,tion numbcr

cavitation number at theý shaftc.ne

r raidiius of t Ia. blade: c~l(cmý.rt

R pr'mf ;l~r r, i~us

* z an-'ul., )rmxr of theu blalde. from thc. horizontal

Since: th.tr-ts diffe:rences of J.ocJ,! cvwitation nlrmbors bu-
tvween the full ~ja.and model- occur when theký blWade tip its in

'a ve-rtic:1 position, Lurbs us'.s thiý loc-.1 ca''vjit',,.ioxi 1iumber
ratio for thevertca bl'adu tilu of full se to modul as
a criterion of' ttht. dif'freIicc of tiicý Froucteo nurab."is, o~r,

J~/~ ~ iF- 2  /( /F 2 ), ~ te~bcit

* ~~1 :tn 2 re.fr t,) the- full sc:.lu, .nd model, epc)vy i
furtherasuru th,-t thei vari-.tiorls of F' used( in theLe't. of
Fig. 21 a--re the mf-.xnum wio~al~thu~t infJlu*:ncf.rý!, tho
coeff~icients of' thrunt endl torque.. Usinh, t-ii, l:Ldtir; lov,
values of F, ='3.22) -ra3 for th,- full I and ijIlii

* F2  ~~5.00 for1 tL; inod, 1, the- v-iu ." o2~/7 ~~rL~~
on the lowý,r curv,. of Fi.23. bi~r y, nov(rLýJrelu th,.ý
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RE,6Th1CTEJ..

Cavitation Tunnul Iof' H:.iaburLgis che 6chiffbau -

Versuchsan5st'.lt. Coit 'd.

1limits, the uppe~r curve was plottel. ý.hen thesez curvoýs.-.r on-
tereci with tho Froude number for tfin& full scalu , F:. the i-sod~cl0
Froude n~umbur F,) should lie somewhere between the upper ýand
lower limiting 'Curvos, or F min. FE ~F Maxt

As a- result of' those tests for the influence of the baai.c
variAble~s, Lerba has concluded that thu& test speed of advance
can be chosen so that the 1,Le:ynolds n~unber is above t-io critical
valtue 0.8 x ?.O5, and the Froucdeý number is wi~thin the previously
described limits. Thereýforu only thue flollowing varia~bles are
considcreoi in a modol cavit,-tion tust at if-mburg:

T~~ 2..n 2Qp a7..r R 2 critical

=I I-2UC (,) F () <F9  F
2 ý-,67 2(in)M 2 2rnax.

44. Model1 T(.ýt Ca~lcIrition Comnarud with a Full SOCI.- Trial.6

,i sar~iplu c,',]cuiDation by H.S.V.,. for the conparleeýn of 'I
model cavitation test to a? full scale- trial will be epand
The, calculation illus~trrates tho mtethod 6nly, since theý ship-
characteristics ir,- fictitious, full. scale3 trial of aý twvin
sci'ew ship -At a dslcgri 525 tons aýnd with a vj-iecr
dept!, uf 65 me(ters w s cbmpare-d with a model ,celL-propuls ion
test with a corruspond4 ntg A 516 tons ;.,nd 63 me.ters warter
depth. Thec scale ra-tio of tho Lull scale(- to the sulL-propul-
sion aocdl jvas 18.



RESTI . CTLD.

Cavitation Ttunnel I oi harnburgi~sclc O'chiffbcau
T\.rsuclioanstaJdt, Cnt 'c.

.4 V 2
2 S'

E 3ubscripts ma r~jf(r to thce modfl.

Subscripts s rf'to the full- bc,-il. ship.

Rf fr--cItion2,.. o:rt.c,

rdr~i rt-sisnc of thE; 6hip.

Cf fictioni io1:j-cI~rt.

mnrýss denrsity of viatur,

S =voctt(,W;. surf ,cu. area.S

C -coefficieiit. of air rresistance

-nass dcensty- of aiir

s proj ,ct,-:ci -rea of the ship in thk. dircectioti of the
reletivc wind.

v vicity of' thu( rclativu. viind.

The ?-r-,ndtl-Ljcihliclit.-ir,-,I7 friction formulat lvý usedC for the.. smooth
* mode.l m-Uci S;Iooth ship.S



PCESTEICTFID.

Cavita~i~or Ttuinnel 1 of lhimbur~ischu 'jchi.1'fbau

Because of the di~fference in displaccnonts for the full scale
tri!al 'ryd the model test, the. rode.,L thrust rcf omint7 to thL-
full scale tria~l Nw-s multipliod by r525/5i6 = .1.017. T11( dif-
ferenc~c of the water delpths w-is considerod inconsequenltial.

s Vmf ?rn 0 i T' VTr 1.017? Tj.
knots Tri/see kFg __________

630.0 3,637 7.32;9.-3 x 10 0.003o6 1.1 3.22, 3.65

32.5 3.939 8.30-10.1 x 1 0,00300 1.14 3.62 4.12

*35.0 4.243 9.22' 1.0. 9 10 lO~ .0095 1.15 4.02 4.63

6
37.5 4.1504 1.2.212 11. 6% 10 0.00293 1,15 4.47 65204

45.0 5.454. 13.3 11.0 a. 10~ 0.0C)286 1.16 5.79 6.,72

The cavitation tust~ speed was to be choeen so thiat R

-cr -rd F (main) F, F (.x To cicteru'iiin thi~s crhe
cavitation number for the,- 3haft, center.-, ai the full. sccdeo
Froude number, F. , m-ust be c': icuilte.d. In d(.t,;rr.,indng the
static pressure f'or colculating ý,in this c~x'ixj1,T) the dyncia-

icinfluunc,.s, as woli !a.s the2 atmosDk1~ric pres sure -nd th-
pressurel at reut duA,: to the_ shatft dcl~th rurc corn2icajruct. 6y
.:iounting -a pitot tube at th(, oh-fit cente:r of the- unuaýr ay qode
;a-nd another in the3 undisturbed -fow, the, pr,.ý,surc diffeýrence

-52-
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RESTRICTED.

Cavitation Tunnel I of Hszaburgische Schiffbau
Versichsanstalt. Cont'd.

Column (5) is the numerator of the cavitation number, with
barometric pressure P B = 10330 kg/m2 and vapor pressure

P -= 200 kdm2 at 170 C. Thus P +-- h - P = 10130 -
)'sh 3 (kg/m2)

Column (6) is the cavitation number denominatore

2 (,_wv 2 p_, m ,2 v 2
(1-w)2vs am z 1.015 51 .1S vamin

933 v 2 (kg/m2 ).
am.

* The speed of advance for the cavitation test was chosen
as 5.5 m/sec. The full scale Froude number was calculated
by the formula

•F -v (1-w,) v a
- 1 - am with d d/ m 0.111 m.

The scale ratio!y, for the propulsion test was 18, but for the
cavitation test, T larger propeller of scale ratio . 9.09
was used. Thus, the cavitation model Frouae number,C

v S
F 2 ac where the diameter of the cavitation test pro-

V gdc

peller, de, = ds/: = 0.220 m.;

ds - diameter of the slip propeller, and subscript c re-

fers to tho cavitation model propeller.
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RESTRICED

Cavitation Tunnel I of Hamburgische 6chiffbau
Versuchsanstalt., Cont'd.

L1) •( 2) ( i•'3) '• 4
kts V (5,50/va)2 T"•knots m/a- MS .kg

30.0 3.437 2.560 36.68
32.5 3.683 2.229 36.00
35-0 3.946 I 1.943 35.28
37.5 4.203 1.713 34.52
40.0 4.460 .1,520 33.74
42.5 4.712 1.362 33.12
4ý.o 4.936 1.241 .,2,.72

Fig. 25 shows the direct measurement results of the cavitation
characterization test. The full scale revolutions per minute,

* N5 , can be calculated from the ratio, , determined by en-
tering the curves with the proper cavitation number, -, "nd
the corresponding calculated thrust, T . To obtain a more ex-
act interpolation, the measured thrustCT was replotted with -
as abscissa and,,... as the parameter (Fig. 26). Thy. value of
S, . in column (4) below w•as obtained from the curves of Fig.26.

• () , (2i-(3- (4) i (5)] -(6) (7) 0(L (8) F 9)
Vs Ti- 7 7 -Q .- , s • S'H'P." ý i-\-

N_ C
knots! kg _ _ min-i m.kR.l I to

30 36.68 1.088 0.901 485 1.76 6390 65.4 65.1
32.5 36.00 0.950 0,905 518 1.73 7700 65.6 65.2 0
35.0 35.28 0.832 0.908 554 1.70 9290 65.7 65.4
37.5 34.52 0. 737 0.896 597 .66 11070 64.9 64.6
40.0 33.74 C.657 1 0.858 662 1.65 1 13740 61.1 60.9
42.5 33.12 0.591 0.802 478 1.63 17150 56.8 56.4
45.0 .32ý.72 0.O_ _0.732 859 1.63 21600 51.1 51.1

In column (5); Ns "60 vy, 'm/ d d 127.3 Yam/ A

In col•urii (7); SHP N 7s/30.75, where

-57-
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RFMTRICTE.•.

Cavitrttion Tunnel I of Hamburgische Schiffbau 0
Versuchsansta.lt,_Cont' d.

Q c (N /6 ) 2 d5qs 2 s; ,

02 = :c/, NC2 d , and

60,:
Nc- RPM of c.vitation model.

"1 5x•) 1"•'NThen SHP = ( (a " C)

3Q-75 Pc Nl .Nc` a N 'c

Since Nc/60 = Vac/,. •dc and Nd = 60

Then (.):( v 2  ( 2
.3,

N ('ma M/= 2vIa)

Therefore SHP W ( .... -T .L.. )3V)
30.75 ,'•c c m v S'c

Vac

0.633 v 2 N s4

In column (6), thc v:].ue of Q was obtained from the cavitation
characterization curves replo~ted with _ as ordinate, .>. as
abscoss, and . as the parnmeter (Fig. 2?).

In colurmn (8) the ufficiency was determined as follows:

-60 TS v .. 2 NS d Ts/ 2Q

TsI% = C /C2 ds Tct-/c ',c

Thus' = "' A, •cd oso T
2T1c c 0.0350 A (2

-59-
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RWFThIC TED.

0

Cavitation Tunnel I of Hamburgische Schiffbdu
Versuchsanstalt, Cont'd.

In colunn (9) the efficienc;y Ivas recalculated by using the thrust
T' and the 6hP of column (7).
m

Tt 3 vSam n - 331.OT'v
75s IV SHP

Fig. 28 shows th,. comparison of the cavitation test re-
salts with the sample full sca-l.e trinl results. Since a per-
tion of the data used was fictitious, the average error between
model and full scale results of about 2 percent is not indica-
tive of the average error of actual tests at Hamburg.

Very few cavitation tests for comparison of model tests
to full scale trial results were performed in the Hamburg •
tunnel, since trial results of naval vessels were seldom
made available to the tank personxiel. Ordinarily, propeller
cavitation characterization data was forwarded to O.1h.Z. 7
and the Navy personnel made their own analysis of model and
full scale test results.

II. Cavitation Tunnel II at Hamburgische Schiffbau
Versuchsanstalt.

i. Purno_•e e

During the final preparations for 4orld ;iar II, the need
arose for a new large cavitation tunnel at the Hrnburg Model
Basin to be used for the following work:

(1) cavitation tests of full scale torpedo propellers,
both singlx screw and contra-turning,

(2) propulsion tests at ruduced pressure of complete
ship model forms mounted in the test section in
order to obtain actual 1flow conditions at thc
propellers,

7 Oberkorn.ando der Xriegsmc.rinc.

*-62
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Cavitation Tunnel II at Hamburgische .
Schiffbau Vorsuchsanstalt. Cc•:t'd.

(3) propeller scale effect tests,

(4) routine propeller cavitation characterization
tests, and

(5) tests of special devices, such as sound domes.

Since the new tunnel was intended primarily for propeller
studies and tests, the design followed closely the features of
the first Hornburg cavitation tunnel as it was finally altered.

B. Tunnel Description and Principal Characteristics.

Construction of the world's largest cavitation tunnel
was strrted at H.S.V.A. in 1939. The shipbuilding fiim, Blohm
r.nd Voss in Hanmburg, fabricated the all-welded tunnel structure
from shipbuilding steel. The elbow aft of the test section
was divided and hd a laxge radius of curvature si.iilar to
the design of the smaller cavitation tunnel. Instruments were
procured or manufactured by H.b.V.-.

The new cavitation tunnel, shown diagrammatically in
Fig. 29, has the following principal characteriotics:

Test section

Height 1.2 meters (47.24 in.)
"- • ;iidth 2.4 meters (94.49 in.)

L(;ngth 5.3 meters (208.66 in.)
>laxniiu- velocity 8 r m/sec (-16 knuts)

Vertic"] height between upper :-nd lovj,-r legs 9 In. (32.8ft)

Driving- motor

Horsepovwr 400 H.?.
}h> 1000

Voltago C to 440 V. D.c.

fropeller 7rump hPM 250
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Cavitation Tunnel II at Hamburgische
bchiffbau Versuchsanstalt. Cont'd,

Prop oller dynamometer

H Iorscpoower (max.) 120
RPI ; 200 to 2500 0
ipaxirnum thrust 1000 kg (2200 lbs.)

Leain vacuum pump

Horsepowet. 5
Capacity 50m3 /hr.

'tuyxiliaxy vacuum pump

Horsepower 0.7,

Capacity 15m3/hir.

The test section of the tunnel was mrode unusually long
to penmit the insertion of ship model forms for propeller cav-
itation tests under actual conditions of variable wake and
angular flow. Fig, 30 shows the upper section of the tunnel
including the nozzle, test section, ana the divided elbow down-
stream from the test section. The close-up view of the test
section in Fig. 31 shows tho2 large observation window and the
small windos on each side of the test section for permitting
good visual obsorv-.tion and sufficient light for photography.

The lowur sections of the tunnel are shown in Fig. 32
-- and 33. The driving motor supported on a fixed foundation,

(Fig. 34) h1.s an independent forced-air circula.tion system
for cooling. To ello:,,w for the uxpansion or contraction of
the tunnel with changes in tenmerature, the structure is
su-ported on seven large rollers of 0.35 meter (13.8 inches)
diameter at the end opposite the driving motor (Fig. 25).

The arr Lngment of guide v,anes and honoycombs is illus-
tratcd in Fig. 29. No vanes are used in the large radius bcnd
at thu dynamometer, a cascýýde of short vanes is used at the
driving motor corner, aý single long v-ne with a well-rounded
bend is used %t the lo-acr leift corner, and four circular arc
guide vrnes arc used in the upper corner next to the nozzle.
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Cavitation TunnKl II ,,.t liwtburgische
Schii'fbau T~rsuchsanstaitL_ !cnrt 'd.

Fig. 3

H.S..A. IT.,IONTUL L I, JNE 945

VIDIOF UP~h EVES
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Cavit-ttionl Tunrial II f.t Ha1raburgische
Schi~fIbau Vursuchsanstalt, Cont 'd.

Fig. 31.

H.S.V.... CýLVIT.4'2ION TUNNEL IT, JUNE 1945.
CLOL-UIP VIY'i OF ME' TEST SECTION.

The sm,,all window iii the panel adjacent to the large, win-
dow in covere~d with t sheet metal1 plante.
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Schiffba.u Vursuchsan~talt. Cont 'd.

Fig. 32

H.6..,, C.VIT.TIO TUNEL!IJ UN.P; 945

Thu (.-t.--c~l, rctanul-r sancddivdedsectonscon

veg bv a oe irzna eto ttediIi oo

end.Thelow~r orioiltl s,--ion-I.s ci,ýuar n wy o t0

prplr aP
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Cavitation Tunnrl II -.t Hamburgische
Bch-'ffbAu Versuchsanstalt,_Cont'd.

0 0

Fig. 33.

H.S.V.... C.,VIT.T!ON TUNNE, II, JUNE 1945.

Th. cross-section of the tunnel changes from circular
in thý lower horizontal leg to rectangular in the vertical
leg l.tding to the nozzle.
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Cc-vitation Tunnul2. I at Hiamburgischo
3chiffbau Vci'suchsanstalt, Cont'd.

Fig. 34

Ho3rV.A. C4&VIT..TION TUMTNBL II,, JUNE~ 391A5.

DRIVING MOTR ~D R2TUCTION GE",R
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Cavitation Tunnel II at Hmaburgische
Schiffbau Vcrsuchs-nstatlt, o'd.

S

I S

Fig. 35

H.S.V... C.XI.ITATION TUNNEL IIJ JUNE 1945.

Roller -rringamcnt to -11ow for !ýcransion of the Tunnel •
Structure.

-72
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0
Cavitation Tunnul II at Hamburiische
Schiffbau Vorsuchsanstalt, Cont'd,

Hone;combs for straightening thL flow are installed in front
of the propeller: pump and just before the nozzle contraction.

S
Two special boilers in an adjacent room can provide warm

water up to about 60 0C (1400 F) for filling the tunnel in order
to obtain lower cavitation numbers and conduct basic research
tests. To minimize heat transfer from the tunnel to the room,
tht tunnel was intended to be completely insulated by the use
of fibre glass bats and light metal sheathing installed betv!een S
the webs of the tunnel structure. Fig. 30 to 33, inclusive,
indicate that this work was only partially completed in June,,
1945.

The complete power requirements for the large tunnel are
provided from a new 600 h.?. 220 volt .C. generator in the 0
power station. The speed of the impeller motor drive and the
propeller dynamometer drive are controlled by iard-Leonard
systems.

The interior of the tunnel is painted with the same
special chloro-latex paint used in cavitation tunnel I. S

C. MeUsuring Instruments.

1. Propeller Dynamometer Arrangement.

Tne propeller dynamometer driving arrangement shown
in Fig. 36 is very similar in principal to the final altered
arrangement of cavitati-n tunnel I. A compensating chamber
evacuated by a separate acuum pump, compensates for the
thrust correction due to the pressure difference: between
the tunnel interior and the atmrosphere. No automatic pres-
sure control device was installed to maintain equality of
pressure in tho tunnel and the compensating chamber because
of the unsatisfactory operation of the apparatus installed on
the old tunnel. (Fig. 6). However, Dr. Lerbs stated that
the compensating chamber method of eliminating the thrust
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gavitation Tunnel II at Hamburgische
Schiffbau Versuchsanstalt, Cont'd.

correction correction was advantageous only if an automatic
regulating device was also used. Therefore he intended to
develop a more satisfactory automatic device for the large e
tunnel.

Th- sectional view of the dynamometer apparatus, Fig.
37, shows the double shaft arrangement, the thrust balance,
and the calibrated torsion rod arrangement, which are
similar to the final installations for cavitation tunnel I
as dcscribed in iart II. Grease is used to lubricate the
outer shaft bearings and to seal the stuffing box between
the Bu~ia rubber seals. The main stuffing box and bearingre
installation is cooled by a water jacket. The torque is

measured by a potentiometer and "cross-spool", or balanced
6 bridge instrument shown schematically in Fig. 4. Several

sizes of torsion rods are used to co'rer the complcte measur-
ing range of the dynamometer. For c dibrating the torsion
rods, the apparatus shown in Fig. 38 is mounted on the
propeller shaft in place of the model propeller, and weights
are suspended from the arms.

The thrustmeter was actually installed on the end of
the thrust balance arm next to the pressure compensating
chamber instead of the tunnel end as shown in Fig. 37. The
final -irrangemcnt of the dynamometer apparatus as of June
1945 is shown in Fig. 39.

The water sped is mc'isured by a pitot tube in the
bottom of the test section in the plane of the propeller,
(Fig. 38). Static pressure is measured from a pressure
tap on tho side of the test L ction rt the height of the
sm-.ft cunter.

2. Totiruiy rrangcrnt for 'omplute Ship Mode. Forms.

No .etu:l propeller c..vit:,tiea tests had been purformcd
with iropellers operating behinri a complete ship model shape
hbcuso the tunnel instru1ents had buun d:,in-ged by fire from
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Clavitation Ttinnel II at lamburgi•che
6chiffbau Ver'suc:hsanstalt, Cont 'do,

A 0

* ,
0S

Fig. 38

H.S.V.A. CAVITATION TUNNEL II, JUNE 1945.

An inteliQr view of the test section shows the apparatus
for chlibrating the torsion rod. On the bottom of the test 5

section on the right side may be seen the pitot tube for meas-
uring the water velocity.
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Fig. 39.

H-.S.V.A. CAVIT-ITION TLýMJEL 1117 JUNE 1945.

DYTI~kiOM',ETE, ItST,.LLTI0i'.
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Cavitation Tunnl I. .t Heinburgische
Schiffbau Vorsuchsanstalt, Cont'd.

inicendiary bombs in August, 1943 and repairs were not quite
completed when the war ended. However, a preliminary design
of an arrangement for testing models with one to five screws S
was comp!.eted in 1943. Fig. 40 shows a ship model form
mounted in the test section. The dynamometer inner shaft
is connected to a -watertight aluminum gear casing freely
suspended from ýhe top of the test section inside the model.
The casing houses the gear arrangement for driving the in-
dividual model shafts. The total thrust and torque can be •
measured directly with the propeller dynamometer thrust and

torque measaring instruments. It was intended ultimately to
devise a method for measurifg the thrust of the individual
shafts by using small pressure capsules. The water speed was
to be determined by a speed calibration with equality of thrust

* for the cavitation test ind the basin propulsion test. ,

Difficalties could be expected in obtaining constant
and sufficiently small friction forces for accurate measure-
ments. Also, in view of theJ size of the model compared to
tile test section, the lines of flow and wake distribution

4 at tVi propeller could be considered only approximate. Never-
thelessb the method appears feasible as a first approach to
a difiicult problem.

3. Test ý,,:_rztus for Contra-Rotating Propellers,

An arrangement for testing contra-rotating torpedo 0

propellers in the large cavitation tunnel was designed
by H. S. V. A. in 1943 and was under construction at
G&rmania ierke, Kiel at the end of the war. Fig. 41
shows the measuring apparatus built in a watertight
casing in th.:- form of a torpedo tail section. The drive
shaft of the propeller dynamometer drives a differential •
bevel gear train in the extreme tail section so that the
fobiard propeller turns in the sxrc direction as the drive
shafb and the after propeller turns in the opposite direction.
Thm total thrust and torque can be measured with the con-
ventional thrustmeter and torsionmeter of the propeller
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Cavitation Tunnel II at Hamburgische
Schiffbau Versuchsanstalt, Cont'd.

dynamometer. The torque of the forward propeller can be
Smeasured by an additional calibrated torsion rod and po-
tentiometer in the inner housing of the apparatus. Ball 0

* bearings are used throughout the mechanism to reduce the
friction forces and Buna rubber spring seals are used to
prevent ingress of water at the p~ropellers and the drive
shaft.

This contra-rotating propeller test arrangement is 0
advantageous in that the propellers are operating in an
ar.?roximately correct wake field so that the load dis-
tribution over the propeller radius approximnatos the actual
operating condition.

IV Cavitation Tunel at Nederlandsche Schees_--

bouwkundig Proefstation, aT.eningen.

Description of Installation,

The cavittion tunnel at ;jageningen, shown in Fig. 42
wis constructed in 1939 and h,•.s been described fully in pub-
lications (6, 7). For convenience, the principal charactur-
istics will be listed, together with supplemental unpublished
inf ormr.tion.

The tunnel was designed primarily by personnel of the 0
Hamburg basin in 1938. Th3 design of the lower scction,
including the elbow before the proyeller pump, was based on
results of wind tunnel tests at the Netherljnds Technical
College in Delft. Unlike the two cavitation tunnels at Ham-
burg, which arc of all-welded construction of shipbuilding
steel, the iageningen tunnel is constructed princi•pally of
cast steel except for the two vertical connecting sections,
the heatinr ja.cket section, and the honeycomb section, which
arc of welded stel pl].Ite construction. Thu tunnel structure
was fabricated by N.V. .,irkspoor in _,'nterdam, thu instruments

6--P2-
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Cavitatio.n Tunnel at Nederlandsche Schee;ýsbouwkundig
fr fs-L:- tion. *j Leningon.

were designed and furnished by H...i~and the electrical
e~uirno t w's furnished by N.V. Electrotechnische Industrie

in Olikkerveeor.

Th. rnrincipal charactoristics of thcl tunnel are:

Test sEction
Height 0.9 m. (35.4 in.)
';Victh 0.9 m. (35.4 in.) 2 (19
Cross-sectin csroa 0.77 ra (12 i~n#
Len-Ath 5.0 mn. (16.4 ft.)
7hoCcity 10 -,- rn/sec (19.45 kno~ts)

..1.lternate test section
* Height 0.65 mn (25.6 in.)0

.iadth 1.30 mn (51.2 in.)

Verticoil hei,,,ht botlveLfl uppcr !nd lowaer legs 7mn.
(23.0 ft.)

Driving motor
Hors(eIovw er 300

1200

i:rDpillu pump R~PM 300

ILodel : ro'peller dynainomnoter

Horseo-;ower 250
S(rnwx) 2500

TIhrust. (m~)1250 k-. (2756 lbs.)

~xmm ino"-:l prorleller di-Luoter 0. 5 m.(114.19 in.)

Tim e. uin instrurnots for torque and thrust., the
wcýtur speed ,,itLt tuboý arranomient, tht. static prc~ssuro
h.:,,tsureianet, thu grease, sealing mnt:hud, -,nd the compensatinE
ch,-o:be~r for elimina~ting thc thrust cýirrecti .n duc to the-,
pressimr di-;fference- betwoe~n 4t1hFe tutncl test sejction % d the.
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Fi&. 43

JjGj.. TU L. -!T U7~TL J'71Y 1945.
Test O'ection -nd O0-eratin- -tation.
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Cavitation Tunnel at INederlandsche Scheepsbouwkundig
iIroefstation. -Jageninen&. Cont'd.

I 0

i0

Fig. 44.

,AG7ETI-L•E7" C.%VIT.•TI N TUIT:EL, JULY 1945.

,t view of the upr.er level of the tunnel shous the nozzle,
test section, aria the three-component dynamomcter installed
above the test section,
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Cavitation Tunnel at qederlandsche bcheelsbouwkundiR
Proefstation. ýageningen, Cpnt'd.

large cavitation tunnel. buch work was contemknlated, but
test arrangements have not yet been designed, •

An alternate rectangular test section, 1.30 meters wide
0.65 meters high, and a suitable nozzle (Fig. 45) can be in-
stalled in the tunnel for testing hydrofoils. Up to the
present time, the rectangular test section has never been
installed. A horizontal truss of adjustable length can be
used to force the vertical tunnel sections apart for instal-
ling the alternate sections, as well as to provide additional
strength.

n ihen the German army evacuated from the ,ageningen
*O area about April 1945, all of the tunnel instruments viere S

Sdamaged or destroyed and the irain driving motor and the
povJer supply motor-generator were removed. Fig. 46 and
47 show the condition of the tunnel in July 1945.

B. 'rojects and Aesearch.

During 4orld *iar II little mork was accomplished in
the ,ageningen tunnel except for the German firm Sachsen-
berg, designers of the hydrofoil speed boats VS-8 and VS-10.
A large number of VS-8 and VS-10 wide blade, high speed
propellers with pitch ratios up to 2.0 were tested for
cavitation characteristics. The methods of testing followed
those used by Lerbs. Most characterization tests were con-
-ducted vwith a constart water speed of 5.5 or 6.0 meters per
second. Dr. van Laaimeren noted that at the low values of
'.lhe speed coefficient,

* v , the thrust coefficient curves for different values •
i, nd
of tne cavitation number tended to converge at one value.
This could probably be explained by the fact thýat complete
suctionside cavitation occurred for all the range of cavi-
tatiun n%inbers tested at thu low speed coefficients.

o -88-
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Cavitation Tunnel at Nederlandsche bcheensbouwkundiz
i-roefstat.on. Jageninepen. Cont'd.

* 0

a S

Fig. 45.

1AGIENTIIG.N CAVIT.JTIQN TUl'jN EL AITERIIATE NOZZLE.

6 ' The alternate nozzle, 1.30rn. wide and 0.65 high at .he 0
exit, is intended for testing hydrofoils in the tunnel.

* •
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Cavitation Tunnel at Nederlandsche $Scheepsbouwkundig
i-roefstation. ia~eninL~en. Cont d.

4 I I

Fig. 46

4JAGENINI. C.AVITh.TLN TUR'E UFFER LEEL JULY 1945.

All of the ~;-ie~.suring instruments are d&unaged or destroyed.
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Cavitation Tunnel at Nederlaradsche SchepsbotwkundiA
Proefstation. ,ageningen, Cont'd.

Fig. 47

'JIAGENPIIGIN CAVIT TIjN TUiCEL MO;E. LEXER, JULY 1945.

The main propeller driving motor was removed by the Ger-
man Ar-qy.
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Cavitation Tunnel at Nedelandsche Schee1sbouwkundiA
Proefstation. jageningen. Cont'd.

In order to test the lifting hydrofoils used in the
Sachsenberg hydrofoil boats, a large three-component dy-
namometer was constructed on the top of the tunnel test
section. (Fi 2 .. 44). The installation was not completed
at the end of the war in Europe and no hydrofoil tests
had been performed. The measureing elements intended to
be used for measuring the component forces were the cen-
trifugal type dynamometers developed at v'itgeningen. Fig.
48 shows schematically the method of measuring a force
with the centeifugal dynamometer. If the force is greater
than the reaction of the dynamometer, the circuit to the

small series zrQtor closes, the dynamometer accelerates, and
the weights move outward by centrifugal force. By the pivot
arm arrangement of the dynamometer, the shaft to which the
force is applied moves inward to reopen the contact to the
motor circuit so that the motor slows down and the cycle is
repeated. An electric contactor on the motor shaft records
the motor RPi! as a measure of the force component. Forces
as great as 25 kg. (55 lbs.) can be measured with a 1/16 H.P.
motor, •

As a result of the overall propeller cavitation exper-
iences at oageningen, a formula has been devised for the min-
imum projected area of ship screws without loss in efficiency

from cavitation: T/A = 1.955 (Po - Pv) 0"7 3 3 ,va0"535 5

where T = thrust in kg.

ý -total blade projected area in m2

* PO static pressure at propeller center in •

kg/rn
2

Pv vapor pressure in kg/m2

* Va- speed of advw.nce in m/sec.
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V. The Cavitfati~n Tunnel at the Kaiser lilhelm
Institutet Gottnen.

A. History of Development.

A small cavitation tunnel for general research had 0
been constructed at G•ttingen in 1927. with the advent
of world Jar II, problems of high speed flow in connection
with the movement of projectiles in water, determination
of constant pressure surfaces, and the air-water entry
problem arose. In order to investigate these problems,
it became necessary to design an installation in which
cavitation numbers as low as 0.01 could be attained. Dr,
keichardt, working under 1-rof. Prandtl, made an analysis
of the tzŽ.chnical problems involved in such an installation.
In order to avoid the necessity of constructing a powerful
installation to obtain l•, cavitation, numbers by increasing
the stagnation pressure qO, Dr. neichardt supervised the
complete redesign of the original cavitation tunnel to a
"free. jet" arrangement, w,)ith the result that very low cavitation
numbers could be attained by reducing the static pressure po.
The free jet tunnel was constructed in 1942 and has been in
operation for slightly over two years.

The following description of the original installation,
the technical problems involved in the design of very low
cavitation numbers, and the description of the final tunnel
design were obtained from conversations with Dr. Reichardt
and from a condensation of a recent report of the Xaiser
°" ilhelm. institute (8).

B. The Origin l G6ttingen Cavitation Tunnel,

The Qld c.. vitr.tion inst.-allation shown in Fig. 49 was
in the form of a closed oircular channel employing a cen-
trifugal pump to circulate the water from a large vertical
chamber of 1.7 square meters cross section,.l area, through
thQ nozzle, test section, diffusor, elbow, return duct, pump,
and bcck to the v(rticd'Lcirh-mber. A vacuum pump was connected
above the free water surfcce in the vertical chanber. The
static pressure p de-endeA on the air pressure above the e
water surfa.cu, tnS hei6iht of water in the chamber, -.nd the
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The Cavitation Tunnel at the Kaiser 'AlhelmInstitute,. gottinen.,contid.

momentary pressure drop through the nozzle as well as M-,-
minor effects of model displacement and cavitation bubbles
on the model and in the teat section. Since static pressure
of the undisturbed flow, po, cannot be measured directly in
a closed channel, the appbroximate pressure p' Iwas measured
in the vicinity of the model and a correction applied. That
is,

p0 =.p 0 kq0 where k. is a factor which depends primarily

on the dipplacement .effect of the mo4d1. The static pressure
tap fqr p I was made in the teat section just ahead of the
model, an8; the.prevsure tap p, in the. nozzle antechamber. To
indicate pressure.differentials, the mercury gage shown in

* Fig. 50 was connected to the pressure points through water,
filled tubes. Leg 4 wasconneated to the level chamber,
whose water surfac'e coincided with the vertical center of
thetest section, lg b to the tap p ',,and leg c to tap
pT.he water.s~rface of the level chamber vias open to
aimospheriq pressure, 3 .. Between a and b the pressure
'differential p. - p 'and between b and e the pressure
differental- p I-p p, I roportionel to the stagnation
prqssure,ý wre indigated. The vapor pressure for the appli-
cable temperature, determined from steam tables, was used
in calculating the cavitation number. In order .to es-
tablish a given cavitation z-umber, five values were ne-

S,.. cesaary, including the four measurements p - 'D , -
w6tier teaiperatur.e, and the channel correction fgctork.P, 0"
Slater simplification was made by using a scale with
movable pointers between gauge legs a and b, as shown
in Fig. 50. The upper pointer was set to the scale value
(p - pv)G By moving the scale, the pointer was brought

* into agreement ivith the mercury level b. If thr lower. 0
pointer was-then adjusted to the mercury level of leg a
without moving the scale, the valuie. (p - ) - (pB '-Pot')

"-P " qo'could be read dircct.Y. _

The original tunnel installation was s.tisfactory with
values of ;0.1 but accurate mepsureinunts at lo~ver values 0
were not possible.
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The Cavitation Tunnel at the kaiser 1,ilhelm
Institut;. c-Gttingen. Cent 'd.

The corresponding distance h from the model to the top of the

test section ia only h - , = 4.08 inches.
62.4

Therefore, it can be seen that a very small test section and
consequently very small models would have to be employed to
obtain very low cavitation numbers with a closed channel.

With the test section arranged as a free jet, Fig. 51,
tae same static prebsure exists on all sides, but the accel-
eration of the fluid particles due to gravity produces some
curvature of the streamlines. W.ith a horizontal jet, the
streamlines are essentially parallel, but with a vertical
jet, the streamlines are divergent. The influence of the

* bending or divergence becoimes smaller as the stagnation
pressure increases. W.,;hile very low and constant cavitation
numbers can be obtained vith a free jet, small models must
also be specified if the influence of the curvature of the
streamlines is to be kept negligible at moderate stagnation
pressure.

3. ..ethod of :easuring the Static Pressure Po'

In a closed jet installation, the static pres,,,ure is
normally obtained frort a tap it, the teat section. Lven
a very slight burr at the pressure tap introduces errors
in the static pressure measurement which become increasingly
important at low cavitation numbers. hlso since water pres-
sure is measured, water must also be used as the medium of
pressure transfer in the connecting lines to the manometer.
Unless the manometer is installed well belo:'i the test section

* and the connecting lines to the pressure tap are very straight
so that the pre-esure in the lines is aiwys greater than in
the teat section, erronteous rzadings may occur due to the sep-
aration of vapor or dissolved air in the connecting lines at
very low cavitction numb#,rs. The .ossibility of this error
can be avoided %ith certainty if vanor or &as is used for

* transmitting tht pr(.s..ur-. p', I n .,. oich case a leveling cham-
ber suct. as shown in Fiji. can be used to afford a trans-
ition from the gas to the fluid phase.

W 9W
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The Cavitation Tunnel at the haiser Wilhelm
Institute. Gottingen. Cont'd.

With a free jet,' the pressure p ' can be measured di-
rectly from the vapor or gas surrounding the jet, without
the possible source of error arising frco& arny slight burr 0
at the pies~sure tap or without the necessity of using a
leveling .chamber.

• l ethud of 'Leasurina the Jubble Pressure l.

A With the previous installation at Gottingen and at other S

institutions, the vapor pressure, P., has been used to cal-
culate the cavitation number. At very low cavitation numbers
the dependence of the vapor pressure on tieper-aturermakes
possible largi percentage errors of the cavitation number
with. smad temperature changes. Also the actual bubble
pressur.e, ̀ pb, is normally greater than the vapor pressure, 0

v j-due to dissolved air. in the waer.

An ingenious, th,'ugh extremely simple method has been
proposed and adopted by Dr. jLeichardt to measure the actual
bubble pressure and use that value in the cavitation number

* in place of the vapor pressure. A diagonally-cut tube pro-
jeeting slightly through the wall of the test section with
the sharp edge to ihe stream creates a cavitation bubble on
the wall. Th(, pressure in the bubble can be transmitted di-
rectly through the tube to a manometer. With a free jet in-

,, .tallation, the static pressure p ' can be measured directly
akainpý:.the bubble pressure pb (see Fig. 51), so that the
manometer reads p ' - Ob, which is the nukerator in the
ca•&tation number after the channel correction is applied.

The latter method can also be applied to open jet
* tunnels, such as those at the vavid Taylor -jodel 3asin and

>'assachusetts Institute of "Lcunology, b-, creating an art-
ificial bubble on a small faired plate or body in the stream
at the test section and measuring the difference in pressure
between the free surface and the bubble. An additional f•dro-
static pressure correct'in would have to be applied for the
head of water over the model in the test section to obtain
the numerEtor of the cavit.tion number.
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Tht Cavitation Tunnel at the 1ýaiser vjilholm
Institute. Gottingen, Cont'd.,

into the diffusor. In an actual test, alternating disturbance
pressures produced rythmic fluctuations in the flow through
thc test section after cavitation advanced rell into the ecx-
pansion chamber. The arrangcment whereby thc pressure in
the test section is held constant was not tested in that it
ias considered unfavore.ble from the point of view of stability
with cavitation.

As a study in determining means of converting the
stream kinetic energy into potential energy in a free jet
install.ation, the scheme shown in Fig. 53 *as considered.
with th'ý vcrticnl jet or fountain arrangoment, tha stream,

_ith little r=raainirig kinetic energy, is caught in a hori-
zontal chamber from ,P•here it is led down to the pump and
nozzle. A small. additional pump is necossary to remove the
fluid from the vertical tube caused by splashing in the over-
head chamber. The variation of the water velocity in the
test section is limited. The lower limit is that velocit•
which is necessary to lift the water to the upper chrabere
and the upper limit is governed by the additional prcssure
which can be provided by the pump. The vacuum pump can be
connected to the gas space about the vertical stream and
the upper chamber. While stream energy can be recovered
by thds method, the disadvantages of velocity limitatiuns
and operational complexities outweigh the advantages of
energy rucovery, espccially for a small installation.

D. The i',ew Gottingen Cavitation Tunnel.

1. Tunnel Description,

The final l Gsign of the Gottingen tunnel e aployed a
free jet arrangement in order to obtain very s:maall cavita-
tion numbers which ara conbtant throughout the stream.
.'ihilc avoiding the hydrostctic pre:ssure field of the. closed
jet turnnIs, othur disadvantages such as low energy recovery
and slight bending of thc strea•alines had to be accepted.

.g Figures 54 to 57 illustrate the final tunnel design. The
origiial cylindrical chamber, having a cross-section of 1.7
suaru meters (18.25) s u:.r( ft.) is c-rloied as a reservoir

8For a hu:ight of 33 ft. of vvater, th,. lowest vc:.ocity is about

27 !,not!,.
* •-102-
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The Cavitation Tunr.rl at the Kaiser .Ji.lhenc-
S~Institute Gottin_&Cn, Cent' d

for receiving the horizontal free stream. The large sectional
area of the reservoir is advantageous in preventing rapid tem-
perature changes, avoiding fluctuations in the pressure head,
and provicing a low donward stream velocity to allow vapor
and air bubbles to seoar!!te out of the stream. The piping
sections h&.ve been enlarged to a cross-sectionca area of 0.16
square meters (1.72 s uarc feot) before the nozzle, The rec-
tangular test section measures 0.15 meter wide by 0.2 meter
high (4.92 inches by 6.55 inches) at the nozzle exit. A S
centrifugal pump powered by a 50 K; motor, has a normal cap-
acity of 300 liters per second when providing a free jet
vclocity of 10 meters per second (19.45 knots). A conven-
tional honcycomb is provided before the nozzle. in order
to calm the flop-, inside thi boiler, a grating is installed
directly below tec boiler, W.ithout the grating, air bubbles -
are entrained in the streura at jet velocities greater than
5 tiet(.rs per second.

The jet of the Gottingen tunnel is not completely "free"
since the sides of thu str,,an are guided by walls. The front
wall is made up of' a hinged glass window :,ihich can be opened 0
for inqt.lli •g the model. The test section is madu of light
metal witn the nozzle inserted at qnc end :.nd ti-e other end
connectQd to the reservoir by an ir:termediatc casing. The
nmodel can be lighted froom above 2nd below through plcxi-
glass windows in th, casing and observations cpn be made

••-" Sthrough an airtight r1exi-glass door in front.

2. Thre__-Co,_onecnt .jina-nomcotr Install.ation.

The forces on a m-'xil arc mc.-.sured by a thrce-comnpoo}ent
*@ dynamcmuter si<~n.d by Dr. ,-ichnur and developed by Frossel

and I~unze. As shovin in Figure 58, tais dynrnomoter is designed
to mcasurc. , force corqponent by me-ns of a double spring system
in which nicromrter dials are used to detenrine the exten-
sion and contri tion of tV• sorings nec,:ssary to bala.nce the
apoliod force. -n ililuinated optical s istsm is used to do-

0 --@ terminij when the midooint of the sprinr- syst& is restored
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The C vitation Tunncl at 4iger vilhc I

to its neutri.A or surc forre, position. Only one component f-sn
be measured at a time by connecting the d sired pivot of tho
boll crank lover systeQ wvhile the other pivots arG fre.e The
maximum $orce which can be eoarured is abo'out 21 pounds. The
anglo of attic¢k of the model C.an be adjusted from 1-300 to - 30
by merno of a micrometer dial. Precision ball bearings are
used for the pivots to ra4uce frictional errors.

The dynainometer can be mounted on the back wall of the
test section at three locations at centerlino distances of
9, 26 and 44 cantimetors from the nozzle outlet. The model
is supported by a rod which is connected to the movable parts
of the sca-.les by a special flat lever arrangement, &s shown
in Fig. 55. The lover gear is cempletely encased to protect

* it from the flow, while all oth-r moving parts are protected S
against splashing by screens. The oneased'flat lever arrange-
ment is arranged in the vertical centerline to pierce both
surfaces for reasons of symmetry. The mod*l is placed suffi-
ciently in front of the lever so that the flow, about the model
will not be influenced. Since the stream is separated from

* the dynamometer by the back guide wall of the test section and S
the lever system penetratev the stream from above, practically
no water can reach the dynamometer, In starting or stopping
the pump, however, a closing arrangement is necesaary, sin•e
the chamber around the test section i4 filled with water.

3. Tunnel operatIn.

After installing the model, the forward guide window
and casi:g are closed, the pump is cut in and the pipir4
from the p pr:ssure tap (Fig. 51) is vented. '.,hen the stream
is, producek, the loakagg water is drained from the casing

• about the test section and th6 closure to the dynamometer
is opened. The vacuum pump is cut in nwct and the pressure
insidt. the test section reducod to the dcsired value. The
manometer for m~asuring p" - p values first racains short-
circuited te avoid water gnter~ng from theop e opCning. (See
Fig. 51). ifter the pressure is reduced so that -, 0.6,

• the short circuit i• relcý4ed and the cavitation bubble appears
at the Pb hole -.nd the manometer reads the pressure p -nb

or approximately 
C.
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The Cavitation Tunnel at th. ' ser r.lhim0

Institute. Gbttingen. Cont'd.

large elaborate equipment. An apparent advantage is that a
high speed motion picture camera could be placed in a single
location to record the complete entry cycle pictorial]Ly. Dif-
ficulties could be exp ected ins controllin~g the shape of the
st~ream front and, consequently, .in determining the correct
impact angle.

51 gavitation PrdJectii

In addition to utilizing the Gi~ttingen cevitat ion tunnel
for air-water entry studies, other new fields of development
and research were undertaken by me~na of cavitation bubble
investigations. In order to reach as high flight speeds as
possible without locally exceeding the velocity of sound.,

* ~airplane form. such as 1,1e-262 were tested to determine the
form which showed no noticeable cavitation at low cavitation
numbers. As an immuediate method of determining approximate
constant pressure surfaces, the form of an appropkiate cavi-
tation bubble was determined when using a model consisting
of the cowling and the wing leading edges only. The abrupt

* discontinuity of the wing section behind the leading edge
induced a cavitation bubble whose forin at various longitudinal
sections could be recorded by stereoscopic photographs, or
by ordinary photographs in which the bubble interfaces were
illuminated by a thin line light source from above. By uasi~ng
the- cavitation bubble as an approxdima~te constant pressure
surface, new forms of engine cowlings were also developed.
The usefulness of the forms of cowlings determined by cavi-
tation investigationB was confirmed by pressu1re distribution
mcasurements in the wind tunnel. In addition, cavitation
investigations for the determination of the form of the trans-
ition from the wing to the fuselage and from tne wing to

Sthe engine nachelle had been started.

Through the commission of the Chemical-Physical riusearch
Institute of the, Geiman navy, investigations of model under-
water rocket projectiles were undertaken in the cavitation
tunnel to observe the floi- and record three-component meas-

.0 urements for determination of drag and stability. The prob-
lem of instability of the underwater projectiles had not been
solved.

-113-
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General , search studUs o•f c•av&tat bubblee bohind
different bodies were underway to detenuine the cross se1tion
of the cavitation bubble as a function of the body drag. Also
the contaura of axially symmetric cavitation bubbles with 0

nearly constant pressure distribution had been ealculated by
the sourc*-sink method. It was determined that the longitu-

dinal eas* of the elooglated bubble at low cavitation nma-
bere could be represented appr*Kiat2y by the gSweralized
elllpseý

a : major radius

* b minor radius 0

VI. avitation Tunnel at J .i. Vbthhb an-

fabriken. idenhwi.

g A. DOcrition.•

About 1937 a cloeo circuit cavitation tunnel was
erected at the Brunnenmuhle research plant of the fira
J. h. Voith for the purpose of testing model Voith-Sch-
neider propellers at reduced pressures. The tunnel is
of welded plate construction in the usual vertical ring 0
shape. The lower horizontal leg and the vertical lego
are circular in cross section, but at the upper elbow
before the test section, the cross section becoues rec-
tangular. All of the corners are well-rounded without
gudde vanes, except the upper corner before the measur-
ing section. Fig. 61 shows the four guide vanes in the 0

square upper elbow before the test section and two guide
plates in the converging nozzle.

Power for circulating the water is supplied by a 16
H.k+. isotor driving a controllable-pitth haplan turbine
pump of 0.5 m. (19.6C in.) diameter. The lower horizontal 0
leg is located 10 m. (32.e ft.) below the upper leg in order
to prevent air being sucked in at the pump stuffing 1x% -a
to preclude cavitation on the pump blades.

-114 -
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Cavitation Tunnel at J. Voith a nurrken,
ieidenhein. Cont 'd.

n0

Fig. 61.

VOITH CAVIr.-TION TUNNEL.J

i 0

The uppix elbow b~t'orE; the converging nozzliu indicates
the welding for thm four guide vanes. The. locý.tiori of two
aduitional guide p~lates can be, seen on the. converging nozzle
section.

* Sj
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Cavitation Tunnel at JJM. Voith x iaschinegfab en
Heidenheim. Cent'd.

The test suction is recta6a'.ar with vidth 0070 m.
(27.56 in.) and height 0.25 M. (9.84 in.). The maximum•
water speed in the test section is 1.6 ra/seo (3.11 knots)>

Over thu test section is mounted a cylindrical ahamber
which houses the dynamometer. (Fig. 62). Several glass
ports are installed in thc chamber casing for reading the
dynamometer. A small vacuum pump is also connected te the
chamber for reducing the pressure over the fre.': surface.

Since the direction of the thrust of a Voith-Schneider
propeller is normal to the rotation axis, it is not possible
"to transmit the thrust and torque through the same shaft.
Fig. 63 shows the dynamometer and propeller installation in
the chamber. The dynamometer motor-model propeller assem-
bly is suspended by cables so thrt there is an annular clear-
ance inside the chamber. The whole frame can be returned
to the center nosition by a calibrated spring; the spring
tension, which is relative to the thrust, can be road on the
scale oubside the casing. The driving motor stator is sus-
pended so th-t it can swing about its own axis against a
resisting spring force; the angular distortion, which is
relative to the torque, can be read directly from the out-
side of the chamber through a peep hole. Since the model
cavitation propeller is only 0.2 m. (7.87 in.) in diameter

U -with 0.126 m. (4.96 in.) length of blades, the dynarrominter S
power can be sup.)lied by a 1 H.P. motor.

Based on the wvork of Vuskovic (5), Or. luller of the
Voith research plant considers that the effects of the air
content of the tunnel water are negligible. hen nowV water
is added, the vý,ter is circulated for about five hours to S
remove entrained sir and to reduce thu content of dissolved
air to a low value.

B. Lcn3-csntation of Test and Cc'lculated it.sults.

Since the ratio of the model propeller area to the
tunnel test section area is Ol4 the results of the cavitation

-116-,
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Cavitation Tunnel at J. I.T. Voith kaschinenfabriken,
Heidenheim. Cont 'd.

tests are correct d to the values for infinite extended flow
by the method ol '.jood and Harris (9). The cavitation num-
ber is ca-lculated from the formula

Ps -Pv

/2- 
a

where p the st-tic pressure at the skin of the ship
at the propeller location,

Pv -vapor pressure

mass d-nsity of th6 v'ater.

* v speed of advance.

The thrust load coefficient used at the Voith research plant

is defined as C - T

2v/2 -a A,

vwhere T thrust

n -,'ass density of the water

va spoeecd of advanco, and

A - eropejller area : blade circle diameter x blade
length for a Voith-Schnuidur propell-.r.

The test results are plotted as curves of constant cavi-
t tation nwnb(,,rs, -jith th., ratio of efiiciency with cavitaýtion
to cfiiciency without cavitation as the ordin:.tc, and the
thrust lor d coefficient C. as the abscissa. ,t sý,in diagram
of this method of presenting cavitation test results is shown
in Fig. 64. This muthod was chosen so that the efficiency
dim.inution for a given f.low• condition, defined by C. .nd *i

can be seun at once, and an jinmmdiatc decision can be reacned
as to ;.hetth.r the cavitation influ,wnce can be QIL.inýted by
enlarging th. propeller.
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CdvitE.tion Tunnel at J, oVoith ,s chinenfabrji"nq
ieidenheim. Cont 'd,

The influence of c,'vitation of a Voith-Schneider 'ro-
poller on tht, steering forces depends on the steering angle,

is well as the thrust load coefficient C where the
steering angle - is defined os the angle of tne propeller
steering point from the ahead drive position. The cavitation
influence for steering angles up to 150 can be determined
from tests in thc cavitation tunnel, but with larger steer-
ing angles up to 900, the flow breaks away from the suction
sides of the blades because of the high angle of attack; in
this case the influence of the tunnel walls on t..e flow con-
figuration becooes unduly great. lK:r steering angles greater
than 150, Dr. 'iuller calculates the resulting blade force by
a method of 43ets. The dimensionless ormal force coefficient S
is calculated by the formula:

2 ,- sin PC.+
1, 4 si /12'sv r2

"Nhere,-,' : angle of attack

Ps = static pressure at the hull surface in the
plane of tne V.b. propeller.

Pv = vapor pressure

imass density of water

Yr =resultant flow velocity to the blade profile.

Tho l irst term is the normal force coefficient of Liachoff
resulting from the positivý. pressure on the pressure side
of the profile. The second term is the cavitation number,
or the additionc'! normal force coefficient resulting from P
the vapor pressure on thu suction side of the prof)-le when
there is complete suction side cývitation. Thc resulting
transverse force of t':- propoiler can be obtainecd by grartch-
ical dcterinination of thc blade forces on the whole blade
circle in combin tion with th.- ,ropcr number of blades. From
E-ilfoil dta, the trýnsverse f..vce can be calculatod without •
ccvit tion, and thereby the reduction of the transvorsc force
"duc to cavitation c n be dctorriried. 'uch a calcui:.tion is
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important for determining the steering fore% of a Vc~tb-Seh-
noider propeller when delivering no thrust, whlbh is the case
when a ship moves trpnversely to ae*6,

VII.- L~a ýtat~ioa Tunnels Dcsijq -± H &.V, for
Russia. Janan and _Swo~on.

A. Luf&M tatIMTO

In 1932, H.S.V.A. designed a cavitation tunnel for the
Leningrad, 'odel Basin in kuosia. The tunnel was conetructed
b;, Blohm and Voss in Hamburg and the Minasuring instruments rere

designed anid constructed by H.b.V.A. The erection of the tunnel
was under the supervision of lng. Hoppe of H.6.V.A. The tunnel
dimensions, char,;cteristies., and measuring instruments were the
same as t he original unaltered H.b.V.A. ct.vitation tunnel I
described in Pnxt II,: exccpt that the propeller pump motor
R-.P.1. was 1930 inatc.d of 820. A reduction gear of ratio 6.45
to 1 reduced the pmnp .i.1. to 300, the same as H.&.V. 1..
cavitation tunnel I. A diagrammatic drawing of the Russiaa
tank is shovn in Fig. 65.

B. Japan@pe Uavit,-tion Tank.

A cavitation tunnel for Japan was designod by H.S.V.A.
in 1935 to meet the following specii'ications:

1. The velocity in the test section shall be at
least 6 m/scc (11.7 knots).

2. The test section dizzmeter shall be sufficient
for testing a model propellur of diameter 0.3 meters
(11.81 in.).

3. The propullcr dynamometur n.1. shall be at
lqast 2400 A.

,4. Thb thrust and toruc dynwnom.tors shall be
scli-r-co;'ding.

-121-
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RESTRICTED~

Cavitation Tunziels Dcesi-ged by H.'VA o Russia,
Japan and. Sweden. Cont'd.

Based on previou~s c-xpcricnces with H.S.V.1-,. cavitation
tunnel 1.th JaýQrnese tunnel. was designed 'vjith a wcll-round-
cd di.vided elbow aornstream from the test srction. (Fig. 66).0
NTo honceycomb or radia:z.l guid, v.ines were in~st-alled before or
after- thk_ -riopcellr punlp, but a long honteycomb 'n;as installed
bcefore the nozz'le. itoctangular soctions with roundod corners
werfe used ttroughout thc cii-auit except in theý vicinity of
Lhue pump, 1,nerc the; sections were circule-r. The test section
,;j-s -a-dc square with rowided corners, 0.9 inittrs (35.43 in.)
on a side, ?.nd with, a lcngth of 3.4 meters (11.].6 ft.). Thc
actual pump povoer, dynamometer povwer, T.nd i vater vel;Jocity in
tli o test section ,%re not known at this writing, but it is
bclicved that thu test section velocity is in theý ).' nge of
8 to 9 raete~rs per second (15.5 to 17.5 knots).

The convenitional H-ezbur'g double shaft arr-nge~nont was
not used for -th, dynamnorcter xinst..ilation for thL Jap-,aneSe
tunnel. ti sirqglc shcft transmits the. thrust :.nd torque of
the model prooe~ller to the_ dynmijaometei~r (Fig. 67). Ai con-

verit.~na thus, lanuce: scale ~viith a large did.-- for direct
rcading was instE~lled, tog~th.r with - tr!ns.-itte;r ,nd an.f
electrical thrust recording instrument manufaictured by Hcart-
mann nnd 3raun in Fre.n1furt. Theý dyn~tmome.tcr ,iotor -vas mounted
ais r. pundulun- motor so th-t the r;.:%ction of the stator can be
tcxinsnittu-d throu~h a be ,,m scdelj, and the tor,.,ue rjuid dircectly
on I-L~gL di-.I. -- ia.l tyrw. electrical tachonctcz -. s in-
still~4 for r_ýding thu; propAller !L, .ý!. directly. Ue(ctric-al0
tr'-insmitters ýinc'. rý;cordcrs we.re ].s-o included for re-cording
thL nropelluý_r and. tor -uc. Thu conv,.ntiorQii \rn~burg
compcenssIting cha,,ib,;r vias onittod. -xc.-pt for thu rcceording
(qu~jipim,;nt, the simpicl dyntmomctcr arrangcnunt is silrto
tlat used for tlh.. cavit.--tion tunnels at th, T:aylor ::c-1.J
Basin in ash:Ln-ton, in conti'. st to th,; usual moice compli-
cat.,d H. iMburg ci siign for ~limin. ting thrust .idl tor,ý:uc
corrections.

hJhil_ th.. test s~.ction cii-mtctr of' the, J,-oanusc tunnol is
t:,i. sa2;P.aL-S th.. tunmL_ - t _i.ecningcn, thý v~ rticr1 Oistance be-

S t\-.'n th,. uino)r :ndl luwr horizonti1 s-ctions is only 5.n. (2.6.4 ft)
ýýs co.%Lp~rd to 7 1. (221.Th ft.,' for tii..grwgntunt
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Cavitation Tunnels 1jesie~cd by H.S.V.A. for h'ussia,
Toa and -den. Cont Id.

C. Cavitation Tank atilailstads ýIekaniska ;'erkstad.
hristinchg,ý .~wden.

Thu most modern catvitation tunsnel desjignod by H.S.V.A.0
wvrs construtted for the XL.rlstad iekani.qkzi Ueorkstad A
.vristinehamnn, ý)vjdrn in 19.12. This tun-nel, shown in rig.
680, frs bccn described in a rý;:cont publication (10). The
principal charactca-istics as 2 follovs:

Te.st Sction

Jaidth 0. 8 m (31.5 in.)
Height 0.8 rn (31.5 in.
~ra0.555 m2  (5.98 ft,'4)

L( Lng-t h about 1.0 m. (39.3,7 in.)
ifoc;xunum wz-tcr velocitY 9~i-/scc (17.5 knots)

Vcrtical hcight bietw A~-n uppcr oxnd lo,.,c;r logs 5-0j- (19.68 ft.)

Driving -otor

Horsepoi-c~r 150
Volt aro 380

h.". .. 25 to 920 ah,-fad, 250 rtvc~rse

;..ectuction &ci ratio 920/380 12.42

-rop&,ller pump h.. 380

r ro oc-Liur dynau,-.o-m-tcr

Horar ,o,,er 40 at 2400 .
h .1. 50 to 35001 '- -h7-ad cxid rLxro:rSZ,

*1 .. i1100 to 2200.
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Savitztion Tunnels Designed by H.S.V.A,. for Russia
Sapan and Sweden. Contd.

Since the Karlstad tunnel represents the most recent
design of cavitation tunnels in Europe, certain trends in
tunnel design are revealed by comparison with previous in-
stallations. The conventional H.S.V.A. rectangular cross
sections, except in way of the pump, and the well-rounded
divided elbow downstream from the test uection are retained
in the Swedish tunnel. However, the three remaining corners
have relatively sharp bends of small radius with short guide
vane grids instead of the previous larger radius bends with
fewer, long guide vanes. Both at H.6iV.,k. and 'Jageningen,
opinion now favors sharper bends with short guide vanes at
all corners except immediately after the test section, where
danger of cavitation has led to the use of a well-rounded
elbow.

*___ The torque measuring arrangement of the Karlstads tunnel _
consists of the usual H.O.V.,.. double shaft arrangement using z.
a calibrated torsion rod, whose twist is transmitted by a
potentiometer to a cross-spool instrument. For the thrust
measurement, the conventional balance arm and dial scale is
used, but the compensating chamber for eliminating the thrust
correction due to the differential pressure on the shaft has -
been omitted. Evidently the convenience of eliminating the
thrust correction has not justified the complications of an
additional vacuum pump and a complex automatic pressure-equal-
izing device.

The water speed in the test section of the Swedish tun- -
nel is measured either by means of a pitot tube or by the
venturi method, using static pressure taps before the nozzle
and in the test section. -,ith the normal testing velocity
of 5.5 m/sec., the variation of velocity over the whole test
section is net greater than 1% (10).

For viewing the model, a stroboscopic lamp, actuated by
means of contacts on the propeller shaft, is used. , very
high capacity stroboscope has been ordered by the Karlstads
firm for taking photographs with an exposure time of 0.002
seconds.
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VIII. P_••gscd Cavitation Tv.ncl III at ?.§.V.A.

A. U ein ~sidcratiogns.

In order to be able to measure th. lift and resistance
of hydrofoils with and without cavitation for the purpose
of obtaining basic prope.ler design data, a Study of the dew
sign considerations for a suitable tunnel installation was
made by Dr. Lerbs at H.S.V.A. in late 1941. Because of lack
of materiais and war difficulties, the construction was never
begun.

Certain conditions were desired to be fulfilled in the
tunnel dcsign in order for the test profiles to represent
propeller blades:

1. The lowest obtainable cavitation number should
be the same or less than the lowest local cavitation 0

6 number encountered with propeller blades,

. 2. The dimcnsions of the test section should be
large enough to investigate the profile with the actual
stagger ind ga. of the propoller blade@.

3. The test section should simulate all the condi-.
tions prevailing inside tie flow through the propeller
disc so as to give a pressure rise to the blade row in
the flow direction.

In determining the lower limiting cavitation number for 0
the tunnel design, the local cavitation number for a blade
tip in the vertical position was calculated for the German
dcstroyer Z-36 and a VS-I type motir toroedo boat. -hen
neglecting the irxcucad velocity, the local cavitation number,

s _ B h

whero p : baramutric pressure

S.:-density of the water

Pv vapor prescurc

-129-
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Proposed Cavitation Tunnel III at H.3.V.:,-, Cont'd.

maesss density of the water

ht depth of a vertical blade tip below, the surface

v - speed of advance

n - revolutions per second

d prooeller diameter

Since the values of v- for Z-36 and VS-1 were .035 and .036
respectively, Lerbs considered that the tunnel desiLn should
aim for a cavitjtion number of 0.01 to 0.02.

* In crder to get an idea of the value of the c.scade stag-
ger and gap (lig. 69) Lerbs plotted the stagger ratio, s/l,4
and the gap ratio g/," of the Schafiran B series against the
radius r.tio, x = r/R, J.here

g cascade gap = 2_r

z 0

blade vjidth

s = st . ger= g COS

r_- radius of any point

R radius of blade tip

t •h�ydrodyn-amic pitch angle tan-1 J -

n = tch •

an-!J of attach

z number oi blades
r

Taking x : r = 0.7 and develoned area ratio 0.6 for the •
fundxnental design, the stagger ratio s/, anu t'•.e gap ratio
g/ are aporoximately 1.5. both ra'tios decre.se !-itP an in-
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RESTRICTED.

Proposed Cavitation Tunnel III at H.S.V.A. Contld.

crease of the developed area ratio. Lerbs assumed that two
additional profiles on each side of the tested profile are
sufficient for obtaining the correct data for the influence
of the cascade. oince the length of the test section depends
on the stagger ratio and the number of profiles, the minimum
test length for 5 blades amounts to 7e for a/,?= 1.5.

The height and width of the test section depends on 0
whether the blade row is expanded in a vertical or a hori-
zontal direction. Since thu cavitation number is constant
only in a horizontal level, thL number will vary from profile
to prof'le for a vertical arrangement; with a horizontal
arrangement all profiles are equivalent, but the cavit.tion

* numbers va.*y along the blade width. -.lso the height oI the
test section is limited by the necessity for avoiding cavi-
tation in the top of' the test section. Assuming g = 1.5<,(
and allowing 1.5/clcarence at Ute top and bottom on the
vortical arrangement Lerbs arrived at a test section height
of 9, for 5 profi•.esg. A hydrofoil width of 0.1 moters
(3.9.. in.) was determin,,d to be satisfactory for strongth
when assuming a profile fixed t both ends, with blado thick-
ness fraction 0.02, v = 20 m/sec (38.9 knots) and thQ lift
coefficient = 1.0. Thorefore, the test section dimensions
were sA at 0.9 m (35.43 in.) in height and 0.im (3.94 in.)
in width4

The minimum testing ingth of 0.7,': 0.7 mctrs was not
considered sufficient to obtain a uniforat velocity distribu-
tion. & i•d on Nikuradse's velocity distribution measure ents

V 9 The vertical height 9,."as erroneousl, 'ased on a vertical
spacing between hydrofoils of g z 1.5,-. etuaily the vertical
spacing should navo been g sin/. = 1.5,ý sir](sso Pig. 69). The
test section hjight would be only 6 to 7/ , with a reoulting
srnclL;r tunnel -.nd less danger of cavitation in the teat section
du;. to th, vu'iation of the hyarostr-tic pressure. This error
was r,,cently pointed out to Dr. Lerbs, who confinrcd the mistake
in th. propoýscd dosign.

-132-
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91S~A ked C tation TNoel 1;jI atj. on.d.

in pipe lines with turbulent flow, a length of 2.3 mneWrs is
roquired to establish uniform flowo1 A test section length of
about 3 meters was therefore propose.

I& of'4e to obtain a pressure rise in the dircation of
ilow, the walls would have to be made divergent. For fast
ships screws in which the pressure rise is sl~w, it was ques-
tionable whether a pressure rise in the flow direction Y4s
necessary for the cascade tests. In the proposed tunnel,
Lorbs used parallel walls with no pressure rise.

The maximum velocity for a minimum ca itation number
of 0.015 was obtained by the formula H = :I

2 2g

or v :\'& 24.2 rn/sac (47.1 knots)

where H : hoight of test sepotion = 0.9m,

The flow c pacity, AC :A v I *). - .9 x 24.2 * 2.2 MI/so¢,

where A area of cross-section.

Therefore the motor H.I. P . .l/2 v"'2
75 , k, where k equals75

.otor power input. It Ic: 0.4, based on prcvious tunnel
Later horsepower
designe,f tho requiLrd rotor H.P. : 352. By adding a cascade
loss of 21 H.P. resulting from a drag coofficient of 0.05, the
total motor power became 376. A 400 H.P. unit was proposed.
The final twnanl design is shown in Fig. 70.

H. Measurina _nstrumcnts.

For measuring l Xt, drag *cnd moment, a three-cmpotiant
dLnamomeLer was to be dc.ignod. Tn,. result,%nt force was to
be eeparated into v(rtical rid horizontp-I •cnpononts by two
framos, and tho vxrtic-l comnponunt vvast o b' further subdivided
into forward and aftcr lift compon nts. The intonds4 method
of measuring all of tho ccEiponent for¢as was by means Qf run-
nlig-weight balancea, according to thQs ystkum used in the '
D.V.L. wind tunnol in Aerlin (D.). In this syetem,a snnt1
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Proposed Cavitation Tuincl III at H.•oV.A. Cont'd.

motor, actuated by contacts on the balance arm, moves the
balance weight on a scrow to raintain automatic balance.
No measuring rods with stuffing boxes would be required,
for the measuring parts could work in the water in an air-
tight csing on thc sidu of the test section. Only static
stuffing boxes for wiring to the recording instrumenta would
be necessary. For regulating the contacts in the water, a
selenium photoelectric cell was intended to be used outside S
the tunnel.

.4 The angle of attack of tIx profilu was to be measured
from the horizonta2l centerline and was to be corrected for
the bending of the flow linfs induced by the horizontal
boundaries of the test section.

The velocity in the test section was to be based on the
pressure drop through the nozzle, taking account of the in-
serted hydrofoils and the c vitation space.

Tho static pressure at the tested profile was to be •
calculated from static pressure musurements taken suffi-
ciently far ahead of the p-o~ile row. The tenperature was
to be taken by thermometers at the points of lowest flow
velocity.

C. -uxiliary Installations.

Ad 'ith a givun velocity, the c'.vitation number was to be
controlled by regulating the pressure in the dome bcfore the
nozzle. !..ith a 10 to 1 contraction between the dome sc-
tion ,id th• tcst section, a pressure above atmospheric is
necessarxy ii. thu dome section to obtVin a covitatdon number •
qf 0.015 at velocities ibove 15 R/sec (29.2 knots). There-
fore a spccial regulating device is required for controlling
thc pressure in the dorie. The type of device had not been
chosen.

Since with low c,.vita.tion nibcrs thL, static pressure • •
aporo!ches thi. vapor pacssuro, thu te.mperature should be kept
constant to ma'intain a constant cavitation nuiber. Because
of the large energy input of the proposed tunnel, a cooling

-135- •



UNCLASSIFIED

(1) Lerbs, H.: Untorsuchung der Ixavitation an Schrcauben-'
propcllern; 231. Mlittcilun&, der 1936 (E..123. Trans-
latiori No. 46).

(2) Lerbs, ii.: Mcuo, Lavitationsversuche; crft .ecodo-rei
af kn, 15 ,Ugust 1939, pp. 258-260 Tr-rialatJ on Yo. 89).

(3) Loirbsi H. : UntorsuchunL d,ýr ,avit~tion :-.n 6ch-ýauben-
)ropcllcrn; Tica, II; H.6V,ý Bericht 822, 1942.

(4) £Jurachj and -urokawa: Thchnology ic~p. of tlic Tokok-u
hip. Iniv. AXII, 1937, F o., 3 and X11 1938$, No'. 4.

(5) \Tuskovic: Untersuchiung uber dcn Zi~nfluss des Luftgchalts
,:.uf ýý,vita-tion und Korrosion, h.schor- iyss MIittv. 13, 1940.

(6) Loning,, J.rG.: Inrichtirng ý;n 4,cdrijf van het 1kdc.~r1andsch
bchec:r'sbouvikundig 'rrocfstation (Publicatic 111o. 47), 1940.

(7) Troost., L.: 11o :Cioeu Cavitatictank te ..,ýgemnirgen, Con-
Eres International Dus in: eniours ivhval.s, ý~u,ýust 1939.

(8) ,cichardt, Hi.: Uc(.ber i,.vitat ion sanlagen fur 7L-uxnc 'L,,vi-
trAtions zahlen, A.J.I. .3rct Pcb. 1945.

(9) .oood, It.'. .- i~arri~s, R.Uz.: bome.; NotkŽ,; an thc Theo!ry
of an 4-sir L'cruv ~o.-1inL in a 1And Chlannol. c.~rof the
!Uan. k~eoro. :x.Comi. ivo. (-,62, ý.-ondcn. ,1920.S

40o) Edstrand, ci.: ;£i..vitationstand- fo'rFartygsnro1 flr~ a'
Sartryck ur T.oLnisk ',idskrift, 19144.

(11) irc'itwxr, 1ý.: Vc7rciincs ).ýutsch,.r Ini~unicruc, V!ol. 80,
* No. 6,1 1936.

£rupnarc-d by:

L. ~.RUP?.
0 ILt. Comndr. UJSN.

-137-


